The soil specimen in a centrifuge model is subject to spatial variability depending on the method of sample preparation and the stress field induced by the centrifugal acceleration, even though it is intended to be uniformly prepared. In contrast to extensive measurements for studying the variability of in situ soil properties, soil variability in centrifuge models, especially that which is based on data at very close sampling distances, is less understood. In this paper, the variability of soil density in two centrifuge models is presented. Random field theory is adopted to characterize the spatial soil variability in the two centrifuge models. The importance of taking spatial variability parameters as a model similarity requirement in centrifuge model design is illustrated and discussed. It is demonstrated that, although centrifuge models of different sizes can be designed to simulate the same prototype, the prototypes these models actually represent are not identical in terms of soil spatial variability. To achieve similarity in spatial variability between a centrifuge model and its prototype, one may need to control either the point coefficient of variation or the scale of fluctuation of the model soil so that the coefficients of variation of the spatially averaged soil property in the model and the prototype are the same.
Introduction
Centrifuges have been widely adopted to model geotechnical problems and to validate numerical models. The behavior of a slope or a foundation can be observed using centrifuge models without the expense and delay of conducting full-scale tests. The basic principle of centrifuge modeling is to create the stress conditions that would exist in a full-scale construction (a prototype) using a model of greatly reduced size. By reducing the dimensions of a prototype structure by a factor of N, while at the same time increasing the body force induced by centrifugal acceleration by the same scale in a model, the stresses in the model will be the same as those in the corresponding prototype (Schofield 1980; Taylor 1995) . The model response is expected to be similar to that of the prototype, if scaling laws are strictly followed.
With the increasing use of centrifuge modeling for performance prediction in geotechnical engineering, researchers are interested in the reliability of centrifuge models compared with field tests in terms of performance prediction and numerical model calibration. Popescu and Prevost (1995) assessed the errors in centrifuge test results. The pore-water pressure measurements of duplicate centrifuge tests that were performed by several universities in the Verification of Liquefaction Analysis by Centrifuge Studies (VELACS) project were used to assess the random error of the test results under the assumption of random sampling. However, the variability of soil properties in centrifuge models was not evaluated in the study.
The soil specimen in a centrifuge model is subject to spatial variability, even though it is intended to be uniformly reconstituted under the gravity condition. As soil density is a primary soil property that influences many other soil prop-erties such as shear strength, stiffness, and permeability, the variability of soil density in a centrifuge model is discussed in this paper, as an example.
Upon spin-up, a large stress gradient builds up in an elevated acceleration field and a consolidation process starts. The high stress gradient causes the soil density to increase with depth. Therefore, although the placement density is generally known, the soil density after spin-up will vary with depth. In addition, because of the increase in the distance to the axis of the centrifuge, the centrifugal acceleration increases with depth in the model. Schofield (1980) showed the effect of the variation of centrifugal acceleration with depth on the vertical stress, which would be lower in the upper part of a centrifuge model and higher near the bottom than the corresponding prototype stresses (Fig. 1) . For example, for a soil model of 100 mm thickness, when the stress at the two thirds depth of the model is equal to the correct stress in the prototype, the maximum error of stress along depth is almost 5% in a drum centrifuge with a radius of 0.4 m and only 0.2% in a beam centrifuge with a radius of 9 m. Zeng and Lim (2002) illustrated the effect of the variation in radial centrifugal acceleration on the stress distribution in a centrifuge model through two-dimensional numerical simulation. The simulated centrifuge model was a 20 cm thick soil layer in a 0.6 m wide container with rigid and smooth end walls on a centrifuge with a radius of 1 m. The soil was modeled as a linear elastic material in the numerical simulation. The discrepancy between the stress field induced by the centrifugal acceleration and that by the gravitational acceleration in the prototype was found to be different along the centerline and the end wall of the centrifuge model. When the radius of the centrifuge was increased to 4 m, the difference between the stress fields in the centrifuge model and the prototype was almost negligible.
Artificial boundaries (usually rigid walls) imposed by model containers further affect the stress distribution in the model. The vertical stress is smaller close to the walls than that at the center of the container due to the silo effect. Garnier (2002) presented vertical stresses at 10g in a Fontainebleau sand bed pluviated in a circular container 0.9 m in diameter. The vertical stress observed at 0.6 m depth was less than the theoretical value by 26% at a distance of 0.1 m from the wall and 6% at 0.3 m from the wall. Therefore, in containers with small diameter:height ratio, it is necessary to reduce the side friction between the soils and the walls using latex sheets or lubricants (Ueno 2000) .
The spatial variability of soil properties in a centrifuge model will influence the reliability of the centrifuge model performance. Therefore, it is important to study the variability of soil properties in centrifuge models to properly interpret the centrifuge test results and to assess the reliability of centrifuge model results. Research studies on the variability of soil properties in centrifuge models are limited in comparison with the extensive studies on the variability of in situ soil properties. The complexity of the soil conditions in a high-acceleration condition, the errors in measuring inflight soil properties in small-size models, and the difficulties encountered when interpreting measured data, are the main reasons for this. In this paper, the measurements of soil density in two centrifuge models are presented. The concept of random field is adopted to characterize the variability and to estimate the scale of fluctuation of soil density in the centrifuge models. The impact of spatial soil variability on model similarity, particularly the effects of centrifuge model size and design model scale, are discussed, and possible ways to achieve similarity in spatial soil variability are explored.
Variability of soil density in centrifuge models
Various methods have been used to obtain soil properties in-flight in a centrifuge model. For example, in-flight cone penetration tests can be used to check the sample uniformity or to obtain in-flight strength profiles (Bolton et al. 1999) . Image processing techniques have been recently used to measure in-flight deformation in centrifuge models. White et al. (2003) developed a deformation measurement system based on particle image velocimetry (PIV) and close-range photogrammetry for geotechnical testing. Zhang and Ng (2003) and Zhang (2006) used video photography of target markers and a texture-driven PIV method for deformation measurement in static centrifuge tests and dynamic tests, respectively. Recently, a high-resolution needle probe technique was developed to assess soil porosity in the centrifuge with a sample spacing of only 0.3 mm in the vertical direction (Li et al. 2005) .
The sizes of centrifuge containers are often less than 1 m. Therefore, to study the spatial variability of soil density in centrifuge models, raw data of soil density measurement in centrifuge containers at very small sampling spacings are required. In this paper, measurements of soil density at small sampling spacings from two centrifuge models are used to study the spatial variability of soil density in the centrifuge models.
The first centrifuge model test was conducted by Zhang and Ng (2003) . The centrifuge model test was performed to study rainfall effects on a loose, completely decomposed granite (CDG) slope (Fig. 2) . Seven horizontal CDG soil layers, each about 50 mm thick, were compacted sequentially using a moist tamping method with a minimal compaction effort to form a 420 mm high, 1130 mm long CDG bed. The designed initial void ratio of the CDG bed was 1.4 and the dry density was 1092 kg/m 3 . Displacement markers (Fig. 3) were placed adjacent to the Perspex window in a rectangular grid with a horizontal spacing of 20 mm and a vertical spacing of 50 mm for video recording during sample preparation. The horizontal CDG model bed was installed on the centrifuge platform and swung up to 55g for consolidation. After consolidation the centrifuge was stopped, and the horizontal soil bed was cut to a designed angle, that is, 308, to form a model slope. Detailed information about this centrifuge model test has been described by Zhang and Ng (2003) .
During the consolidation process, the embedded target markers in the CDG bed moved with the soil deformation. The coordinates of each marker before and after consolidation were obtained by video photography. The error due to image distortion was corrected by a technique for camera calibration (Zhang 2006) . Assuming no horizontal deformation occurred, the change of the vertical distance between two adjacent target markers along the vertical direction can be used to estimate the volume change of soil in the middle of these two markers. Consequently, the soil density in the middle of two markers in the vertical direction can be estimated. Figure 4 illustrates the variation of soil density in the seven horizontal soil layers after consolidation. Table 1 presents estimated statistics of dry density in the horizontal direction in the centrifuge model after consolidation. The coefficient of variation (COV) of dry density in the horizontal direction is in the range of 1%-6%. For soil layers No. 3 and No. 4, the COV values are relatively large because the locations of the markers in these two layers were determined by combining two photos taken from the upper left side and lower right side of the model, respectively. Hence, the variation due to measurement errors should be larger for these two soil layers.
The dry density of the four vertical soil columns in Fig. 4 generally increases with depth, as shown in Fig. 5 . This is because the overburden pressure in the soil increases with depth, and hence the compression of the soil is greater at larger depths. Therefore, the trend of increasing dry density with depth should be considered. Assuming the centrifugal acceleration field in the region of the target markers is uniform, linear regression analyses are conducted on the dry density measurements along the vertical direction. Assuming a constant standard deviation in the regression analysis, the COV of dry density obtained is around 3%. Li et al. (2005) reported measurements of soil porosity in a centrifuge model obtained by a high-resolution needle probe with an extremely small sample spacing of 0.3 mm. A 30 mm thick layer of dense sand (prepared by vibration under a surcharge) and a 35 mm thick layer of loose dry pluviated sand were placed in a 100 mm diameter Plexiglas cylinder. The needle probe was gradually inserted into the sand to determine the porosity distribution just after spinning up the centrifuge. The measured porosity values with respect to depth are shown in Fig. 6 . The calculated COV of porosity of the loose sand layer is 3.0%. Considering the linear trend of increasing dry density with depth in the dense sand layer and assuming a constant standard deviation in the regression analysis, the COV of porosity for the dense sand layer is 0%~6%.
According to Phoon and Kulhawy (1999) , for in situ finegrained soils, the reported COV is 2%~13% for dry unit weight and 3%~20% for total unit weight, respectively. Indeed the point COV of the dry density in the two centrifuge models are at the lower end of the range of the in situ variability because the models were prepared in a controlled manner in the laboratory.
Random field approach to characterize soil variability in centrifuge models
In situ geotechnical performance is generally governed by the average soil properties over a domain. For example, the stability of a slope is controlled by the average shear strength along a potential sliding surface in the slope. The performance of a centrifuge model is also governed by the average soil properties over the model. Similar to field scenarios, the uncertainties associated with the spatially averaged soil property in a centrifuge model also include test errors, random sampling errors, and the ''inherent spatial variability'' that is mainly due to model preparation and the stress field induced by the centrifugal acceleration. However, in a centrifuge model test the model size for a given prototype can be reduced to different scales depending on the design acceleration level. Two questions may be asked: (i) what is the effect of the centrifuge model size on the model performance, and (ii) should spatial variability be a model similarity requirement. An intuitive understanding would be that the larger the model is, the more accurate the model will be. For instance, the full-scale prototype (N = 1) could be considered as the best model.
In this paper, only the spatial variability in the centrifuge model is studied. The test error due to measurement methods and random errors due to limited number of soil samples are not considered as they are beyond the scope of this study. According to the basic concept of random field theory (Vanmarcke 1977; Tang 1984; DeGroot and Baecher 1993; Fenton 1999) , the uncertainties in the spatially averaged soil properties, in a given domain with homogenous soils, are influenced by the correlation structures of the soil properties at different locations. Consider a one-dimensional problem first. Let the autocorrelation function r(Dz) of a given soil property in one direction be a single exponential correlation function (Vanmarcke 1977 )
where Dz is the lag distance or the distance to average soil property; a is d/2, and d is the scale of fluctuation, which is the distance within which the property values show relatively strong correlation. The variance reduction factor function G 2 (Dz) corresponding to the single exponential correlation function is (Vanmarcke 1977)
The variability of a soil property from point to point is measured by the point COV of the soil property, COV P . The larger the domain size over which the property is averaged, the larger the reduction in the COV of the spatial average of the soil property will be. The COV of the spatial average, COV A , over a domain can be expressed as a function of the variance reduction factor function and the point COV
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COV A ¼ ÀðÁzÞCOV P where G(Dz) is the standard deviation reduction factor function. Several approaches for estimating the scale of fluctuation d have been proposed in the literature. Vanmarcke (1977) proposed the ''spatial averages'' approach where the scale of fluctuation is estimated using the variance reduction function. First, the mean of the data and the point standard deviation are evaluated. Then, each pair of two adjacent observations is averaged and the standard deviation of the resulting spatial averages is computed. The variance reduction factor G 2 for m = 2, where m denotes the number of adjacent observations to be averaged, can then be calculated. This procedure can be repeated for each value of m. Then the plot of the variance reduction factor G 2 (m) versus m can be obtained. Vanmarcke (1977) suggested that at high values of m, the variance reduction factor G 2 (m) approaches an approximate function
where Dz o is the sampling spacing. Therefore, the scale of fluctuation d is: and Campanella (1993) suggested that the selection of the m value in the G 2 -m plot, where the scale of fluctuation can be calculated using eq.
[5], depends on judgment. The peak value in the plot of d by eq.
[5] versus the lag distance Dz = (m -1)Dz o can be taken as a good approximation of the scale of fluctuation.
As indicated in eq.
[1], the scale of fluctuation is a parameter in the autocorrelation function. Therefore, it can also be estimated by fitting the theoretical correlation function to the sample autocorrelation function (Vanmarcke 1977; Campanella et al. 1987; DeGroot and Baecher 1993; Jaksa et al. 1999) . The sample autocorrelation function r(k) at lag k is generally calculated using the following equation (Jaksa et al. 1999 ):
where N is the total number of data points; k is (m -1); and X is the mean of measurements X i . The maximum number of lags allowed for obtaining reliable estimates is generally taken as a quarter of the total number of data points for geotechnical data (Box et al. 1994) . Beyond this number, the number of pairs contributing to the autocorrelation function diminishes and produces unreliable results. When the total number of data is reasonably large, a simple approximate method given by Vanmarcke (1977) , which can be called the ''mean-crossing'' method, can also be used to estimate the scale of fluctuation.
As the total number of data points in each horizontal layer or vertical column in the centrifuge model by Zhang and Ng (2003) is only about ten, it is doubtful that reliable estimation of the scale of fluctuation can be obtained. Figure 7 shows the sample autocorrelation with respect to the lag distance for horizontal layer Nos. 1-6. It is assumed that, after consolidation, the horizontal spacing of the markers is still 20 mm in the centrifuge model. For horizontal layers No. 1, No. 2, and No. 6, the sample autocorrelation fluctuates around zero and generally no trend can be observed for the autocorrelation functions. For horizontal layer No. 3, the first few points in the autocorrelation function can be fitted to a theoretical autocorrelation function. For horizontal layers No. 4 and No. 5, the sample autocorrelation decreases almost linearly at the first few points.
According to Box et al. (1994) , only the first 3 or 4 points in the sample autocorrelation function in Fig. 7 can be used for estimating d. The sample autocorrelation function can also be obtained for the measured porosity of the two sand layers in the Li et al. (2005) test (Fig. 6) . As a linear trend can be observed for the dense sand layer, it is removed from the original data before the sample autocorrelation of the residuals is calculated. Figure 9 illustrates the sample autocorrelation functions for the loose and dense sand layers along depth. The single exponential function is used to fit the sample autocorrelation functions. The scale of fluctuation for the loose sand layer is estimated to be 1.3 mm, and the scale of fluctuation for the dense sand layer is calculated to be only 0.8 mm when a linear trend is removed from the original data. Baecher and Christian (2003) emphasized that the autocorrelation function is actually an artifact of the way soil variability is separated between trend and residuals. Figure  10 presents the sample autocorrelation functions calculated from the original data and those with a linear trend removed for the soil porosity of the dense sand layer in Li et al. (2005) . The sample autocorrelation function obtained from the original data yields a scale of fluctuation of approxi- mately 8 mm, which is much larger than the d value obtained from the detrended data. Jaksa et al. (1997) studied the spatial variability of cone tip resistance of Keswick clay within a site in the city of Adelaide. It was demonstrated that the autocorrelation distance of cone tip resistance obtained from the linearly detrended data is smaller than that obtained from the original data with no trend removal. Cafaro and Cherubini (2002) 
Spatial variability as a model similarity requirement
The scaling law for d and other parameters of spatial variability can be obtained by dimensional analysis. To achieve similarity of soil spatial variability, the COV of an averaged soil property in a centrifuge model should be identical to that in the prototype; namely 
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In the special case wherein the same soil and same soil preparation method are used for the prototype and the centrifuge model, the point COV as a dimensionless number should have a scale factor of 1 Figure 11 schematically illustrates the difference in the variation of soil density in a centrifuge model and its corresponding prototype. When the g-level is N times the earth gravity, the prototype scale of fluctuation of soil density d also increases to N times the model value, while the point COV in the prototype is equal to that in the model. Therefore, the d value of soil density along the horizontal direction in the corresponding prototype of the centrifuge model by Zhang and Ng (2003) is 3.0-4.7 m. Compared with the possible in situ horizontal d values reported by Phoon and Kulhawy (1999) , the d value for the prototype of the centrifuge model is at least one order of magnitude smaller.
The d value of soil density along depth for the prototype corresponding to the centrifuge model in Li et al. (2005) can also be estimated. The d of soil density in the vertical direction for the prototype is only approximately 0.05 m (N = 50), which is extremely small compared with possible in situ d values reported by Phoon and Kulhawy (1999) .
There are two reasons why the scales of fluctuation in the models are different from those in the field. The first is the formation of soil. The sample preparation methods used in the laboratory may not properly reproduce the process of soil formation in the field. For example, if a homogenous centrifuge model is prepared to simulate a prototype with a horizontally deposited ground, then the scales of fluctuation in the horizontal and vertical directions may be of little difference in the centrifuge model. The second reason is related to sampling issues. According to DeGroot and Baecher (1993) , the scale of fluctuation is affected by sample intervals. Jaksa et al. (1997) illustrated that the autocorrelation distance of cone tip resistance is related to the spacing of the data. Cafaro and Cherubini (2002) studied the effect of sample spacing on the scale of fluctuation. For cone bearing data with trend removed, a smaller sample spacing yields a smaller value of d. In this study, the d values of the two centrifuge models are small compared with the in situ d values. Sampling at small sample spacings captures small-scale or local variations of the soil property, which may be different from larger-scale variations in situ. Now consider a one-dimensional problem. Assume that a prototype slope is 25 m high and that three centrifuge models with design test g-levels of 1 (full-scale), 10, and 100 are used to study the behavior of the 25 m high slope. The three tests all satisfy the scaling laws for linear dimension except for the scale of fluctuation. So in a centrifuge test with a design g-level of 10, the model slope height is 2.5 m. In a 100g centrifuge test, the model slope height is 0.25 m. In a full-scale (1g) test, the model slope is 25 m high. It is assumed that the sample preparation method and the soil property measurement method are the same for all three tests. The point COVs in the three models are all 3% and the d values of soil density in these models are 0.05 m. The auto- correlations of the soil density in the centrifuge models are assumed to be a single exponential autocorrelation function. Figure 12 shows the effect of design acceleration level of centrifuge models on the uncertainty of spatially averaged soil density in the corresponding prototypes. The COV A values of soil density for the corresponding prototype slopes of the 1g full-scale test, 10g test, and 100g test are 0.13%, 0.42%, and 1.27%, respectively, according to eq.
[3]. It shows that, although the three centrifuge models are designed to model the same prototype, the prototypes that the three centrifuge models actually represent are not identical in terms of soil spatial variability.
According to the schematic plot in Fig. 11 , when the design g-level of the centrifuge test is higher, the d value of the corresponding prototype will be larger. Consequently, the uncertainty of the averaged soil property over the domain of the prototype slope corresponding to a high g-level test is also larger. Therefore, the distribution function of the safety factor will be wider for a high g-level test because of the larger uncertainty associated with the spatially averaged soil properties. If the mean safety factors of the three prototype slopes are assumed to be the same, then the probability of failure of the prototype slope of a high g-level test will be larger. In other words, although different centrifuge models can be designed to model a prototype with given geometry based on the scaling laws for dimensions, the corresponding prototypes will be different in spatial variability, and hence in performance and reliability. Therefore, important parameters of spatial variability, for example, scale of fluctuation, should be considered as a similarity requirement when designing centrifuge models. Figure 13 illustrates the effects of scale of fluctuation on the COV of a spatially averaged soil property, COV A . The prototype slope is assumed to be 25 m high. The COV from point to point, COV P , is assumed to be 3% in all centrifuge models, which are scaled to different levels to model the prototype. It is assumed that the scale of fluctuation of a soil property in the centrifuge models of different sizes is the same. When the model scale of fluctuation is assumed to be 2 m, COV A is 2.9% in the 0.25 m high model, 2.1% in the 2.5 m high model, and 0.8% in the full-scale 25 m high model, respectively. When d is reduced, COV A of the centrifuge model is reduced accordingly. The reason for this is that when the scale of fluctuation is smaller, the soil property correlation at two locations at the same distance apart becomes smaller. So the averaging effect tends to be enhanced with more fluctuations and the uncertainty with the averaged soil property is reduced. When d is only 0.02 m, COV A is 0.1% in the 0.25 m high model (N = 100) and 0.3% in the 2.5 m high model (N = 10). This shows that, when the scale of fluctuation is extremely small, the uncertainties of the averaged soil property over the model domain can be greatly reduced.
To achieve similarity in spatial variability among centrifuge models, the COV of the spatially averaged soil property of these models must be the same, as indicated in eq. [7] . Towards this end, one may control either the point A question that arises is how to prepare a centrifuge specimen to a design point COV or a design scale of fluctuation to satisfy the similarity requirement. Phillips (1995) and Ueno (2000) described several methods for preparing centrifuge soil specimens. Cho et al. (2004) studied the effect of specimen preparation on soil spatial variability. Three sand specimens were prepared using air pluviation, moist tamping, and water pluviation techniques, respectively. It was observed that the point COV of void ratio is highest in the specimen prepared by the moist tamping method, and it is lowest in the specimen prepared by the water pluviation method. In their study, the effect of specimen preparation method on the scale of fluctuation was not studied. Figure 15 presents the estimated autocorrelation coefficient plots for the Cho et al. (2004) data. It shows that the scale of fluctuation is largest for the specimen prepared by the air pluviation method and smallest for the specimen prepared by the moist tamping method. Although the sand specimens by Cho et al. (2004) are not specifically for centrifuge tests, the results show that both the point COV and the scale of fluctuation of a soil specimen are influenced by method of model preparation. Further research studies should be conducted on how various specimen preparation techniques influence the spatial variability in centrifuge models and how a model of a particular scale of fluctuation can be prepared.
Comparison of field tests and centrifuge model tests
Field tests are often used as a means of geotechnical performance evaluation. It is interesting to see how centrifuge modeling is compared with field tests if spatial variability is not taken as a similarity requirement. Assume the point COV of a centrifuge model at a specific design g-level is 3%. The scale of fluctuation in the vertical direction of its prototype is 0.5 m. The point COV of a field test is 10% and the scale of fluctuation in the vertical direction of the field test is 5 m. The assumptions of the point COV and the Figure 16 compares the centrifuge model test with the field test. According to Fig. 16 , the uncertainty of averaged soil properties in the prototype of the centrifuge model is much smaller than that in the field test. Assume the mean safety factors of the prototype of the centrifuge model and the field test are the same. The distribution function of the safety factor for the global performance of the centrifuge prototype is narrower because of the smaller uncertainty with the spatially averaged soil properties. As a result, the probability of failure for the prototype of the centrifuge model will be smaller than that of the field test. The graph illustrates only one possible scenario of differences in spatial variability between centrifuge modeling and field tests. It implies that, when designing centrifuge models to simulate the performance of a real case in the field, the parameters of spatial variability should be considered as a similarity requirement.
Conclusions
The soil specimen in a centrifuge model is subject to spatial variability, although it is intended to be uniformly prepared. In this paper, the variability of soil properties in centrifuge models is studied using random field theory. Major findings and conclusions are summarized as follows.
(1) The point COV of the dry density in the two centrifuge models (Zhang and Ng 2003; Li et al. 2005) are at the lower end of the range of the in situ soil variability because the models were prepared in a controlled manner in the laboratory. (2) The scale of fluctuation of soil density along the horizontal direction for the centrifuge model by Zhang and Ng (2003) is estimated to be around 55~86 mm. The estimated scale of fluctuation for the soil porosity measured by a high-resolution needle probe at an extremely small sample spacing of 0.3 mm in another centrifuge model by Li et al. (2005) is also very small. It is probably because, when the models are prepared under good control, measurements at small sample spacings capture small-scale or local variations in the models. (3) Although centrifuge models of different sizes can be designed to model the same prototype with the same geometry, the prototypes that the centrifuge models represent may not be identical in terms of soil spatial variability. The smaller the size of the centrifuge model or the higher the design g-level, the larger the COV A of the averaged soil property. Therefore, it is important to consider spatial variability parameters as a model similarity requirement when designing centrifuge models. (4) To achieve similarity in spatial variability between a centrifuge and a prototype, or between a centrifuge model of a large size and a centrifuge model of a smaller size, one may control either the point COV or the scale of fluctuation of the centrifuge models so that the COVs of spatially averaged soil properties are the same. When the scale of fluctuation can be controlled according to eq.
[8], one may readily adopt the same prototype point COV for model preparation. If the scale of fluctuation associated with a particular sample preparation method cannot be well controlled, then one may select a proper point COV so that the combination of the scale of fluctuation and the selected point COV corresponds to the correct COV of the spatially averaged soil property. (5) It should be noted that many issues related to the similarity of spatial soil variability in centrifuge modeling are not covered in this paper, such as (i) influences of the spatial variability on the performance of centrifuge models, (ii) methods for assessing the extent that the spatial variability may affect the validity of centrifuge test results, (iii) methods for separating the consequences of spatial variability and measurement errors, and (iv) methods for preparing soil samples with specified scales of fluctuation. Further research studies are needed to address these important issues.
